Recently the surface electromyogram signal (sEMG) based motion estimation developed rapidly, which focus on intention recognition but the other information of motion is not concerned. This paper proposed a sEMG based quantitative analysis method to estimate movement of human joints, which was used to control the upper limb rehabilitation robot system by participant's own arm. The quantitative model was established utilizing support vector machine (SVM). In order to improve the fitting accuracy and generalization ability of the support vector machine model, an algorithm for the SVM parameter optimization was proposed based on the gravitational search algorithm. The simulated experiments show that the SVM regression model based on the gravitational search algorithm has a high accuracy and strong generalization ability. Initial online experiments on rehabilitation robot controlled by a healthy participant demonstrated that the sEMG based control method using the proposed method was feasible.
INTRODUCTION
According to epidemiological survey results, about 70% patients who were survived from the stroke have different degrees of hemiplegia. Hence, stroke patients' rehabilitation training has become a hot issue in the research of the rehabilitation field in the word. Surface electromyography is a one-dimensional time series signal of neuromuscular system recorded from skin surface. It can reflect the states of muscle activity and muscle function controlled by central nervous system, which is control affected by muscle contractility, structure and chemical change. Thereby, it has important research value in the muscles of the rehabilitation, bionic control and so on [1] . Decomposition of electromyograms into individual motor unit action potential trains gathered considerable interest in neurophysiological and clinical communities, as it enables reliable and robust quantification of neural drive to muscles [2] .The nerve stimulation of the muscle fibers from central nervous system can be represented by surface electromyography signal. Therefore, it is possible to study how central nervous system controls the body movements via sEMG signal. Many EMG analysis methods have been proposed in previous works [3] . The study of human movement recognition based on sEMG has gained a great development as the result of recognition could be the control input signal of humanoid robot, simultaneously, it could be the stimulation signal used for electrical stimulation treatment [4] . At present, movement pattern recognition based on sEMG was a fully developed method in this field, however, that can recognize the predefined movement. The mean of wavelet neural network based classifier can achieve a satisfactory classification result [5] . However, the human musculoskeletal system is very complicated, more than that, the relationship between the sEMG signal and arm This work is supported by National Nature Science Foundation under Grant 61273355, 61273356, and 61273155. movement is highly nonlinear, in most cases only some discrete control methods can be achieved. In the field of robot control, many researchers focused on the directional control of robotic wrists [6] or the control of multi-fingered robot hands with a limited number of discrete postures [7] . Method of motion identification would have difficulties in quantitative estimation of continuous movement. In order to solve this problem, a switching regime model based control method and an artificial neural network based control method were proposed to control a robot arm [8] . An anthropomorphic robot can be controlled by users that did not be acquainted with the interface when the switching regime model was used [9] . Although the proposal of continuous motion estimation method had a very vital significance in sEMG based control filed. However the accurate movement parameters such as real-time speed and angle for arbitrary of control had not been got yet. So the quantitative analysis method of sEMG signals was applied to the angle estimation of joint movement. A quantitative model was established utilizing support vector machine and error back propagation artificial neural network. The performance of SVM method was better than the BPNN method compared by a large number of experimental data. This work has been done in the previous article by the authors [10] . However, the parameters of the SVM have not been optimized. Gravitational search algorithm (GSA) [11] was applied to optimize the parameters for many regression or classification algorithms. In [12] , an algorithm for the SVM parameter optimization was proposed based on the gravitational search, and the simulation results indicate that the proposed algorithm can improve the forecast accuracy of the glutamate concentration. In this paper, the gravitational search algorithm was used to find the optimal parameters for support vector machine in order to get a better performance. At the same time, the proposed method was implemented to control the rehabilitation robot by healthy subjects. 
METHODS

Data Acquisition
The movement of human upper limb is very complex. In order to simplify the motion, the wrist and finger joint will not be considered in this paper. The movements studied in this paper include shoulder adduction/abduction, shoulder flexion/extension and elbow flexion/extension, so that the upper limb motion can be regarded as a two link model, where 1-DOF in elbow and 2-DOFs in shoulder are assumed. According to the muscles structure and function, 9 surface electrodes are attached to the surface of brachioradialis, biceps, triceps, deltoid, ectopectoralis, and trapezius to be suitable for monitoring the movements in the experiments. The electrode placements are shown as Fig.1 . 
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The angle between rear arm and forearm:
The angles of shoulder-x and shoulder-y can be obtained calculated by the same way.
Feature of Surface electromyography
The sEMG signal is not stationary was broadly reported in the physiology and biomechanics literatures, in the sense that some signal features in accordance with respect to time. These kinds of changes can be observed by statistical features of sEMG signal. The work of this paper is to establish a quantitative model using SVM method with gravitational search algorithm, the input of the model were these features. Thus, the extraction of sEMG feature is very important. The common method (time domain analysis) applied to obtain the features regarding sEMG signal as the function related to time. The sEMG signal collected by the system are handled by amplification, notch frequency, high and low pass filtering. According to the experience, five kinds of time domain feature are extracted as mean absolute value, root mean square, slope sign changes, waveform length and zero crossing.
Support Vector Machine
The standard support vector regression learning algorithm [13] used in the regression estimate. The purpose of the learning algorithm is to construct a regression estimate function ( ) f x making the distance of the target value less than ε . The Vapnik-Chervonenkis dimension of function minimizes at the same time, so the regression estimation problem can be translated into a quadratic programming problem with linear equality constraints and nonlinear inequality constraints, and then the only global optimal solution can be obtained. The generated samples can be obtained according to probability distribution ( , ) P x y .The directly as the ( , ) P x y is unknown, thus, the formula of (2) is minimized.
Where
y f x y f x is the insensitive loss function of ε . This formula shows that when the error limit between the observed value of y and function prediction ( ) f x less than the given positive number ε , the fitting is considered error free. The loss on
.The minimized formula of (2) is translated to the optimization problem as following.
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The dual form of (3) is:
Where ( , )
is the solution of (4), C represents the penalty coefficient. In this paper,
x y (RBF kernel), the estimation function ( ) f x can be described by formula (5).
The optimal regression function ( ) f x could be obtained by dividing the sEMG signal futures as input and the real joint angles as output to train the SVM model and then the quantitative model was established. Support vector regression has reliable prediction ability because that is based on structural risk minimization rather than the traditional empirical risk minimization.
Gravitational Search Algorithm
Gravitational search algorithm, the search agents are a collection of masses which interact with each other based on the Newtonian gravity and laws of motion [14] . According to the literature [11] , consider a system with N agents (mass). We define the position of the ith agent by:
x is the position of ith agent in the dth dimension.
At a particular time 't', the force acting on mass 'i' from mass 'j' is defined as following:
Where aj M represents the active gravitational mass related to agent j, pi M represents the passive gravitational mass related to agent i, ( ) G t represents gravitational constant at time t, ε represents a small constant, and ( ) ij R t represents the Euclidian distance between two agents i and j:
Give a stochastic characteristic to this algorithm, we suppose that the total force acting on agent i in a dimension d be a randomly weighted sum of dth components of the forces from other agents:
F t r a n dF t
Where j rand is a random number in the interval [0,1].
Therefore, by the law of motion, the acceleration of the i at time t, and in direction dth, is given as follows:
Where ii M represents the inertial mass of ith agent.
Furthermore, the next velocity of one agent is considered as a sum of its current velocity added to its acceleration. Hence, its velocity and its position can be calculated as follows:
Where j rand is a random number in the interval [0, 1] .
This random number with a randomized characteristic is given to the search. The gravitational constant, G, is initialized at the beginning and will be reduced with time to ensure the search accuracy. In other words, G, is a function of the initial value 0 ( ) G and time ( ) t :
Gravitational and inertia mass are calculated by the fitness evaluation. A heavier mass means a more efficient agent. It means that a better agent has a higher attraction and walks more slowly. Assuming the equality of the gravitational and inertia mass, the value of masse is calculated using the map of fitness. The gravitational and inertial masses are updated by the following equations: , 
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The way to perform a compromise between exploration and exploitation is to reduce the number of the agents with lapse of time in Eq.9. Therefore, only a set of agents with larger mass apply their force to the others. However, this policy may reduce the exploration power and increase the exploration capability. The steps of the proposed algorithm are the followings: 1) Search space identification; 2) Randomized initialization; 3) Fitness evaluation of agents (fitness function MES); 4) Update ( )
Calculation of the total force in different directions; 6) Updating velocity and acceleration; 7) Updating position; 8) Repeat steps (3) to (7) until the stop criteria is reached; 9) End. An accurate mathematical model can't be obtained in the regression as the nonlinearity relationship between sEMG signal and joint angle. So there was absolutely an error existing in the SVM model. As the model was trained, the weights of the system were continually adjusted to reduce the difference between the output of the system and the desired response. In this study, mean squared error (MSE) was used for measuring the performance of models.
EXPERIMENTATION
Offline Simulation
Some sample experiments have done in [10] and need not be repeated here. Thus, in offline experiment, a consecutive compound motion (Fig.2) was selected to verify the effectiveness of the proposed method. The movement of forearm in space can be determined just by three angles. Hence angles of the elbow, shoulder-x, and shoulder-y are taken as output.
Fig.2 Motion in experimentation
In order to compare the prediction accuracy, the grid search algorithm was also used in the experiment. The offline simulation was accomplished using same raining data, testing data, and the same support vector machine with different parameter optimization algorithm. The results were shown in the following figures. This article used the complete different test data to test the validity of the model. It was a big improvement relative to the literature [10] . From output curves of the experiment, SVM model with gravitational search algorithm had a satisfactory output result and could make the prediction curves smooth, which would be suitable for the actual situation of continuous movement, while the SVM model with grid method output had a large error. The details of the results of SVM models with deferent optimum algorithms were shown in Table1. From these results, we can obtain the conclusion that the gravitational search algorithm can find better parameters for SVM model. The performance of SVM will be improved observably by suing gravitational search algorithm. From the Table1, the MSE of Shoulder angle-y was improved 73.94% than the result without the gravitational search algorithm. All the angles' MSE were under 0.07 that was meaningful for the continuous motion estimation. The MSE of Shoulder angle-x was the minimum value reaching 0.0138. This showed that we can use this method to obtain a good forecast data.
Online Experimentation
The exoskeleton rehabilitation robot for upper limb adopted in our laboratory has the design physiological features of the human upper limb. The rehabilitation robot can accomplish the motion of shoulder adduction/abduction, flexion/stretch and elbow flexion/extension in the space. The impedance control method was used in the robot control. One of healthy volunteers (25 years old, male) was selected as the subject of the rehabilitation robot online experiment. Due to space limitations, the only elbow joint motion curve was given here to prove the validity of online experiment. The position was illustrated in Fig.6 when the experiment was conducted. The motion of the arm can be tracked by the rehabilitation robot from the curve of position in Fig.6 . Although the racking effect was not very accurate, but the output was not beyond the normal movement range of human body, meanwhile, the robot could be stopped immediately by an emergency stop switch when accidents occurred.
CONCLUSION
In this paper, a sEMG based control method of the rehabilitation robot was suited for the specific application of unilateral hemiplegic patient impaired motor function rehabilitation. The gravitational search algorithm was used to obtain the optimal parameters for SVM model in order to get a better result. A continuous quantitative SVM model was established to describe the relationship of sEMG signal and joint angle based on the sEMG features. Experiments showed the prediction of SVM model with GSA was more precise than the model with other optimum algorithms. Its forecast effect was increased at least by 24.27% in MSE. The online experimentation of rehabilitation robot was accomplished using the SVM model. According to the experiment with volunteer subjects, the SVM model was confirmed with the superior prediction results, which was of great significance in the field of rehabilitation robot. However, the prediction accuracy of the model still has the further room for improvement.
